SUMMARY In order to investigate reading processes of Japanese language learners, we have conducted an experiment to record eye movements during Japanese text reading using an eye-tracking system. We showed that Japanese native speakers use "forward and backward jumping eye movements" frequently [13] , [14] . In this paper, we analyzed further the same eye tracking data. Our goal is to examine whether Japanese learners fix their eye movements at boundaries of linguistic units such as words, phrases or clauses when they start or end "backward jumping". We consider conventional linguistic boundaries as well as boundaries empirically defined based on the entropy of the N-gram model. Another goal is to examine the relation between the entropy of the N-gram model and the depth of syntactic structures of sentences. Our analysis shows that (1) Japanese learners often fix their eyes at linguistic boundaries, (2) the average of the entropy is the greatest at the fifth depth of syntactic structures.
Introduction
In the field of Japanese language education for non-native speakers, many Japanese language learners (Japanese learners) feel that a Japanese text is difficult to read. The reasons are generally summarized as follows: there is no space between words, a Japanese text consists of four different kinds of characters (Hiragana, Katakana, Kanji and Roma-ji) , and it is difficult to look up words represented by Kanji in a dictionary since Kanji words have several possible readings. In order to support the learning of Japanese, an investigation of Japanese learners' reading processes plays an important role.
Several studies aimed at analyzing reading processes of Japanese learners have been conducted. Tera et al. reported that "Na-adjectives", "sahen" and complex verbs are often consulted by Japanese learners via a reading support system developed in [5] - [7] , [9] * . These studies indicated that Japanese learners especially want to know information about predicates in the Japanese text.
Eye movements of language learners are also analyzed. Here we briefly introduce "fixation" and "saccade" in eye movements. When we read a text, we use our eyes to get information from the text. It is already known that people do not move their eyes smoothly or constantly while reading, but repeat fixation and saccade. "Fixation" means that the eyeballs stop moving for the eye to glance at the same point for a while in order to carefully read a text, while "saccade" means that the eyeballs move from a fixation point to the next fixation point. We call a saccade in the forward direction a "forward saccade", while a saccade in the backward direction is a "backward saccade". So far, numerous attempts have been made to analyze fixation or saccade, as summarized in Rayner [8] . From the beginning of 1990, research on reading processes Japanese texts using an eye-tracking system were conducted, using an eye-tracking system. Osaka [2] reported differences in the locations where subjects fix their eyes according to the types of characters in the text. Shigematsu et al. [4] discussed differences of fixation of eyes between Japanese and Chinese students. Saida [3] proposed a new method that restricted learners' field of view using cutoff frames in order to measure the range of field of view in the reading process. We also tried to investigate reading processes using an eyetracking system [13] , [14] . We found that (1) when reading text in native or familiar languages, fixation time tended to be short, (2) Japanese native speakers often showed "backward jumping eye movements" and "forward jumping eye movements". It is well known that "backward jumping eye movements" occurs when a reader finds out some discrepancies while reading with respect to the meanings he holds, and is often used by skilled language learners [1] .
Although many research studies investigated fixation or saccade in reading process, there has been no attempt to reveal the relation between saccade and the linguistic boundaries in a text in the reading process. Especially, it is still uncertain if learners of Japanese tend to start or end their backward saccade near linguistic boundaries. In this paper, we analyzed relation between backward jumping and linguistic boundaries with eye tracking data obtained in [13] , [14] . In addition to conventional linguistic boundaries such as word or clause boundaries, we also consider the clear boundaries empirically detected based on the entropy of the N-gram model. Thus far, in the research to reveal reading processes, the eye fixation time or the fixation position is analyzed, but not the saccade time [4] . Fixation is the work required for getting information from characters, while saccade is the work required for searching the positions at which the characters exist. Thus we pay attention not only to eye fixation but also to saccade time.
The paper is organized as follows: our goal is explained in more detail in Sect. 2. Section 3 describes the detailed procedures of our analysis. Results of our analysis are reported in Sect. 4, and we discuss these results in Sect. 5. A preliminary survey of the relation between syntactic structures and entropy is presented in Sect. 6. We conclude the paper in Sect. 7.
Goal
The goal of this paper is to investigate the reading process of Japanese learners. More specifically, we investigate where backward saccades occur in the text. As described in Sect. 1, a backward saccade (backward jumping eye movement) occurs when a learner cannot understand the text smoothly, and wants to read previous sentences again to make sure that what he/she understood before is correct [1] . If this is correct, we suppose that Japanese learners would start or end a backward saccade not within a word but at linguistic boundaries. So we propose the following hypothesis:
[Hypothesis] When reading a Japanese text, a backward saccade starts or ends around linguistic boundaries.
In this paper, we will empirically prove the above hypothesis through an analysis of real eye-tracking data.
In our analysis, linguistic boundaries in a text are defined in two ways. One is by borrow the concepts of conventional linguistic boundaries such as words, bunsetsus † or clauses. The other is empirically defining linguistic boundaries by measuring the entropy of the N-gram model trained from a large number of real texts. One of the advantages of the second approach is that we can consider the degree of intensity of linguistic boundaries. As we will introduce in Sect. 3.2, the entropy of the N-gram model reflects how likely the position in a text might be linguistic boundaries. That is, if the entropy of a certain position is great, it might be a clear linguistic boundary. We would like to analyze if backward saccade is more likely to occur at clear linguistic boundaries, which can be statistically detected.
Another goal is to examine the relation between the backward saccade and syntactic structures of sentences. We would like to know if Japanese learners start or end backward saccades at deep positions in syntactic structures. As a preliminary survey for this investigation, we examine the correlation between the entropy of the N-gram model and the depth of syntactic structures.
Methodology
In this section, procedures to verify our hypothesis are described. The experiment for recording eye-tracking data is briefly described in Sect. 3.1, while the verification of our hypothesis by use of the obtained eye-tracking data is discussed in Sect. 3.2.
Collecting Eye Tracking Data
The following equipment is used to obtain eye-tracking data of Japanese learners:
(1) An eye-mark recorder EMR-8 (NAC) (2) A 44-degree lens (3) An analysis system (NAC) (4) A windows NT, 17-inch monitor (5) A head stand Since subjects are required to have eyesight over 1.0 to record eye movements with our eye-mark recorder, an eyesight check is performed before the experiment. An illustration of the recording of the eye tracking data with the above equipment is shown in Fig. 1 .
The procedures for obtaining eye-tracking data consist of the following 7 steps: The Japanese text used in the experiment is a newspaper article excerpted from the Chunichi Newspaper [12] , shown in Fig. 2 . It contains 178 characters. Figure 3 shows a schematic representation of the obtained eye tracking data overlapped with the text. In Fig. 3 , circles indicate fixations, † Bunsetsu is a linguistic unit widely accepted in Japanese: a chunk of words consisting of content words accompanied by some functional words. Furthermore, we use 3 more texts in this experiment (See Fig. 4 ). Using these texts, we analyze the difference in eye movements for the five different groups of learners that are mentioned below.
All of the subjects in this experiment are graduate students, 4 subjects are Japanese native speakers and others are Japanese language learners, from 22 to 28 years old. All of the foreign subjects except 3 get 60-80 scores for 100 full score Japanese ability test. For the investigation of reading processes, the categorization of subjects is a very important problem. Until recently, in the field of Japanese language education, subjects in experiments were usually categorized into 2 groups, "Kanji-area" and "Non-Kanjiarea". In 1999, Tera et al. divided subjects into 3 groups considering the familiarity of the subjects with Kanji. For example, Korean people use Kanji in their name or signboard, but they don't use Kanji but Hangul in their writing. Hence, Tera et al. divided Kanji-area into 2 sub-groups, and then categorized all subject into 3 groups, which are "Kanji-area", "Middle-area" and "Non-Kanji-area". In this experiment, we divide the Non-Kanji-area into 2 subgroups, "Non-kanji-Asia" and "Non-Kanji-Europe", since their native languages, Asian languages and European languages, are rather different. That is, subjects are categorized into 5 groups.
We collected eye-tracking data for 20 subjects. They are classified into the following 5 groups according to their native language and familiarity with Kanji [9] :
• Japanese-Native-Speaker (J) Subjects who are Japanese native speakers.
• Kanji-area (K) Subjects who use Kanji in their native language, except Japanese.
• Middle-area (M) Subjects who know Kanji but do not usually use them.
• Non-Kanji-area-Asia (NA) Subjects who do not use Kanji and are from Asia.
• Non-Kanji-area-Europe (NE) Subjects who do not use Kanji and are from Europe.
The Numbers of subjects in each group as well as their nationalities are summarized in Table 1 .
Analysis of Eye Tracking Data
The major goal in this paper is to examine if learners often start or end saccades near linguistic boundaries. First, we define three kinds of linguistic boundaries in a text: (1) word boundaries, (2) bunsetsu boundaries and (3) clause boundaries. A 'clause boundary' is a boundary of subordinate clauses or sentences. In our experiment, these boundaries in the text are manually annotated.
In addition to these linguistic boundaries, we try to define boundaries by the entropy of the N-gram model. The N-gram model is a well-known probabilistic language model widely used in the research field of natural language processing [10] . The N-gram model of characters is the probabilistic model predicting the appearance of a character (c i ) given its preceding N − 1 characters (c i−N+1 ..c i−1 ). It is defined as follows:
The N-gram model can be automatically trained from a large amount of corpora [10] . Next, the entropy E of the N-gram model is given as below: Next, we extract fixations at the start and at the end of backward saccades from the eye tracking data. The positions of extracted fixations in the text area were identified, since our current goal is to examine if fixations happen at linguistic boundaries or at high entropy positions. However, it was rather difficult to decide the exact positions of fixations. Osaka [2] reported that readers saw between 2 and 5, mostly 3 and 4 characters when they fixed their eyes. This means that Japanese learners may see, not a point, but an area including several characters at fixations. Therefore, we suppose that subjects see 3 or 4 characters when they fix their eyes, and identify characters when they glance at fixations as shown in Fig. 5 .
In this figure, a star shows the center of eye glance at fixation, while 'C' stands for characters supposed to be seen by subjects. That is, when the center of eye glance at fixation is on a character, we suppose that subjects see 3 characters, the character on eye glance and its previous and following characters (Fig. 5 (a) ). Alternately, when the center of eye glance is between characters, we suppose that subjects see 4 characters around the center of eye glance (Fig. 5 (b) ). Hereafter we call the area including characters glanced at by subjects "fixation area".
After identifying the fixation area for each fixation, we manually check if linguistic boundaries exist in the fixation area. More concretely, we look for linguistic boundaries among positions indicated by circles in Fig. 5 . Then the linguistic boundary ratio LBR, defined by the formula below, is calculated.
LBR =
No. of fixations such that at least one linguistic boundary exists in the fixation area Total No. of fixations LBR evaluates how likely fixations are to happen around linguistic boundaries. If the LBR is high enough, our hypothesis proposed in Sect. 2 is verified.
Results of the Analysis

Analysis of Eye Tracking Data
At first, we can have a look at the typical eye-fixation pattern of each group which we used in this experiment. Figure 6 shows the patterns of eye fixation when reading Japanese text, the size of each circle indicating the time of fixation. From this figure, we found that fixations of a Japanese subject occur for almost 1 in 10 characters. Fixations of a Kanjiarea subject occur about every 3 or 4 characters, and most of the fixations occur on Kanji characters. Fixations of a Middle-area group occur also almost every 3 or 4 characters, like a Kanji-area group, but not only on Kanji characters, also on Hiragana characters. The Fixations of a NonKanji-Asia or a Non-Kanji-Europe group occur almost every 1 or 2 characters. Figure 7 shows the averages of the saccade time and of the fixation time for each group † . Concerning the saccade time, Japanese native speaker group is longer. Also, the average saccade time of the Middle-area group is similar, although the standard deviation is much larger. Other groups' saccade times are shorter. Concerning the fixation time, for Japanese-native speaker group, it is the shortest, while for the other groups, it is longer.
In order to evaluate the difficulty of the 4 texts used in this experiment, we asked all subjects to choose the most difficult and the easiest text to read. Table 2 shows the numbers of subjects who chose each text as the most difficult or the easiest one. Each circle indicates the highest or higher numbers of objects. 9 subjects chose the Text-4 as the most difficult text. 9 subjects, most of who belong to the Kanjiarea chose Text-1 as the easiest text. According to these observations, we roughly estimate the order of 4 texts as Text-1, Text-3, Text-2 and Text-4 from the easiest text, as shown in Table 2 . † Note that the saccade and fixation times shown here are rough estimations, since the sampling rate of EMR-8 is 30 Hz for binocular record. Figure 8 shows the averages time of the saccade time and of the fixation time for each group (indicated in alphabetic order on the horizontal axis) and on each text (indicated its number). The saccade or the fixation time goes not seem to vary significantly from one text to another. Thus we cannot find any strong correlation between the saccade or the fixation time and the subjective difficulty of texts. To summarize, the types of eye movements, the saccade time and the fixation time differ according to the group of learners, namely their native languages. On the other hand, the difficulty of texts seems not to influence the eye movements of learners. Table 3 shows the times of fixation. Each column indi- cates the text, while each row indicates the group of learners. The last row shows the number of characters in texts. Table 3 shows that Japanese native speakers read texts with fewer fixations than other groups. The number of fixation times that of foreigners are about twice or 2.5 times that of Japanese. The number of fixation times is highest for Text-3, and lowest for Text-2. But we cannot find any significant differences among the 4 texts.
Analysis of Backward Saccade
In this section, we report the results of our analysis of backward saccades and linguistic boundaries. We found 367 backward saccades from the eye-tracking data of 20 subjects. The LBR is calculated for fixations at the start and at the end of these backward saccades. Results are summarized in Table 4 . It shows the LBR for several cases, classified according to the following aspects:
• Start or end Fixations are distinguished if they are at the start or at the end of backward saccades. The LBR for start fixations are shown in the tables on the left, and the LBR for end fixations in the tables on the right.
• Types of linguistic boundaries In Table 4 , we showed the results for bunsetsu and clause boundaries as well as two kinds of boundaries defined by entropy ('Entropy 2.5' and 'Entropy 3.0'). When we examined the relation between backward saccades and word boundaries, LBR was equal to 1 for almost all subjects. This is because we tried to find boundaries around 3 or 4 characters from the center of fixations (see Fig. 5 ). Therefore we omitted showing detail results for word boundaries.
• Threshold of entropy (T ) When we define linguistic boundaries according to entropy, the number of linguistic boundaries in the text can be controlled by the threshold T . In this experiment, we set the threshold T to 2.5 and 3. Among 177 positions in the text † , 52 (29.4%) and 35 (19.8%) positions are regarded as linguistic boundaries when T = 2.5 and T = 3.0, respectively. We manually checked these 52 positions and found that 10 are clause boundaries, 29 bunsetsu boundaries and 50 word boundaries. While only two positions are wrongly identified as linguistic boundaries. We suppose that these are more clear boundaries than others.
• Groups of subjects We separately calculate the LBR for fixations of subjects in the 5 different groups described in Sect. 3.1. In Table 4 , the average and standard deviation (SD) of the LBR for each group is shown in each row. The same data for all subjects is also shown in the 'All-ave' row.
• Uncertain entropy position When we define linguistic boundaries according to the entropy, the entropy at some positions cannot be calculated due to data sparseness as described in Sect. 3.2. If such uncertain entropy positions are located in the fixation area, the judgment of whether a linguistic boundary exists in the fixation area is also uncertain. So we calculated the LBR when the entropy at all positions in the fixation area can be calculated (in 'Certain' column), and the LBR for all fixations, including ones such that uncertain entropy positions exist in the fixation area ('All' column). In the latter case, the LBR is just an approximation. Note that it is underestimated since uncertain entropy positions may be real linguistic boundaries.
The expectation of the LBR is also shown in the 'E' row in Table 4 . This is defined as the proportion of points such that linguistic boundaries exist in the neighborhood of all points in the text. Here, points in the text mean both centers of characters as indicated by the star in Fig. 5 (a) , and positions between characters as indicated by the star in Fig. 5 (b) . That is, the expectation of the LBR represents the probability that when a point in the text is randomly chosen as the center of fixation, one or more linguistic boundaries exist at that point.
Discussion
We here discuss the results shown in Table 4 . First, the LBR for start points of backward saccades are greater than the expected ratio (E). On the other hand, the LBR for end points are lower than E excepting for the case of 'Entropy 2.5'. These results indicate that our hypothesis is valid for start points, but not for end points. That is, language learners tend to start their backward saccades at linguistic boundaries. This suggests that learners might recognize linguistic boundaries when they start to move their eyes backward. Hereafter, we focus on only start points of backward saccades.
Next, we will compare types of linguistic boundaries. We found that the difference between the average of the LBR and E for start points is 0.034 for bunsetsu, 0.009 for clause, 0.042 for entropy (T = 2.5) and 0.061 for entropy (T = 3.0), respectively. Thus, the differences for boundaries defined by entropy are greater than those for bunsetsu or clause boundaries. It may indicates that start points of backward saccades more likely agree with clear linguistic boundaries empirically estimated from a large corpus than bunsetsu or clause boundaries.
Finally, we will discuss the differences of groups of subjects. The LBR of group J (Japanese-Native-Speaker) for start fixations is relatively high: it is the greatest among all groups for bunsetsu and entropy (T = 2.5). We guess that this is because Japanese native speakers have rich knowledge about Japanese, and can recognize linguistic boundaries correctly. On the other hand, the LBR of group K (Kanji-area) is the lowest for all types of linguistic boundaries except for entropy (T = 3.0). Surprisingly, the LBR of group NE (Non-Kanji-area-Europe) is relatively high for all cases. Although Europeans might not be familiar with Kanji characters, they often start their backward saccades around linguistic boundaries. The above observations may suggest that the reading process of Japanese learners is not strongly related to their familiarity with Japanese or Kanji.
Syntactic Structure and Entropy
Another question about backward saccades is whether Japanese learners tend to start or end their backward eye movements at deep positions in syntactic structures of sentences. As a preliminary survey, we investigated the relationship between the depth of syntactic structures and the entropy of the N-gram model. First, we obtained syntactic structures of sentences in the text used in our experiment, using the Japanese CALL system Asunaro † † . For each character in sentences, we obtained the entropy of the 5-gram model at the position after the characters and its depth in a syntactic tree, where the depth is the distance from the root to the character. We obtained the statistics shown in Table 5 .
The correlation between the depth and the average of entropy is −0.0941. This means that there is no relationship between the two variables. 
Conclusion
In this paper, we analyzed eye-tracking data to investigate the reading process of Japanese learners. We proposed the hypothesis that learners tend to start and end their backward saccades around linguistic boundaries. The analysis on the real eye tracking data showed that our hypothesis is valid to some degree. In future research, large-scale experiments are required. The size of the experiment reported here is not sufficient in terms of both the number of texts and the number of subjects. It is necessary to conduct a larger experiment and to analyze the results further in order to reveal the reading process of Japanese learners. We have already obtained eyetracking data for 3 other texts with the same subjects. The analysis of these 3 texts will be performed shortly. A detailed comparison between the nationalities and languages of Japanese learners will also be made. Another problem of the current experiment is that the sampling rate of eye tracking system is not so high, 30 Hz for binocular record. Analysis on the eye tracking data obtained by a more sophisticated recorder is desired. Furthermore, we plan to empirically investigate the relation between backward saccades and the depth in syntactic structures.
